Polyhydroxyalkanoate (PHA) is a class of biodegradable plastics that have great potential applications in the near future. In this study, the micro-biodiversity and productivity of PHA-accumulating bacteria in activated sludge from a domestic wastewater treatment plant were investigated. A previously reported primer set and a selfdesigned primer set (phaCF1BO/phaCR2BO) were both used to amplify the PHA synthase (phaC) gene of isolated colonies. The new primers demonstrated higher sensitivity for phaC, and combining the PCR results of the two primer sets was able to widen the range of detected genera and raise the sensitivity to nearly 90%. Results showed that 85.3% of the identified bacteria were Gram-negative, with Ralstonia as the dominant genus, and 14.7% were Gram-positive. In addition, Zoogloea and Rhizobium contained the highest amounts of intracellular PHA. It is apparent that glucose was a better carbon source than pentone or tryptone for promoting PHA production in Micrococcus. Two different classes, class I and class II, of phaC were detected from alphaproteobacteria, betaproteobacteria, and gammaproteobacteria, indicating the wide diversity of PHA-accumulating bacteria in this particular sampling site. Simultaneous wastewater treatment and PHA production is promising by adopting the high PHAaccumulating bacteria isolated from activated sludge.
Polyhydroxyalkanoate (PHA), a type of biodegradable polyester, is completely biosynthetic, biodegradable, and non-toxic [5, 12, 17] . It is accumulated as granules in the cytoplasm by microorganisms under nutrient-limited conditions wherein carbon is in excess. Short-chain-length PHAs (scl-PHAs) with up to C 5 monomers, mediumchain-length PHAs (mcl-PHAs) with C 6 to C 14 monomers, and long-chain-length PHAs (lcl-PHAs) with more than C 14 monomers have physical properties that are comparable to traditional plastics, marking them as potential substitutes [23] . The PHA synthase gene (phaC) and related biosynthetic pathways have been thoroughly studied, and four distinct classes have been identified thus far [22] .
The cost of substrate used in fermentation is one of the hindrances to the large-scale production of PHA [16] . Glucose, sucrose, plant products, agricultural waste/ wastewater, industrial waste/wastewater, municipal wastewater, and others have been evaluated as possible substrates for the competitive initial investment [3, 4, 6, 8, 25] . Among these, wastewater is especially attractive because it allows organic wastes to be converted into highly valuable PHAs. In addition, activated sludge naturally contains bacteria that may be enhanced to produce high amounts of PHA under optimized conditions [2, 6, 15] . Recently, a PHA synthesis reactor has been incorporated to a pilot-scale continuous mode of wastewater treatment plant, and it yielded up to 43% PHA of dry sludge weight [4] .
Although production of PHA using wastewater as the nutrient substitute is progressing, limited information about PHA-accumulating bacteria from activated sludge is available. Because of the vast diversity of PHAaccumulating bacteria and their disparate preference for different carbon sources, an in-depth study of the bacterial community in the activated sludge is necessary to optimize PHA production. Sheu et al. [19] have reported an invaluable polymerase chain reaction (PCR) primer set that can rapidly screen PHA-accumulating bacteria from the environment. Primer sets that mainly target the genus Pseudomonas were designed, and they showed high specificity [20, 21] . Ciesielski et al. [7] reported primer sets for screening PHA-accumulating bacteria from methanol-fed sludge.
However, no proper primer sets specific for domestic wastewater samples are available.
With this, the objective of this study was to investigate the micro-biodiversity of PHA-accumulating bacteria from activated sludge, specifically those that are indigenous to a domestic wastewater treatment plant. PCR primers that are highly sensitive to the phaC gene were designed to efficiently detect PHA-accumulating bacteria from activated sludge. The isolated bacteria showed potential in producing PHA with a single carbon source, indicating the possibility to recover biodegradable plastics by using pretreated wastewater as an alternative carbon source. The results of this study may serve as a baseline for future ventures in simultaneous wastewater treatment and largescale PHA production.
MATERIALS AND METHODS

Sample Collection and Bacteria Purification
Activated sludge was collected from the NeiHu domestic wastewater treatment plant in Taipei, Taiwan. To isolate and purify the single bacterial colonies, 1 ml of sludge was diluted in deionized water and spread on an agar plate for colony observation. The agar plates were incubated at 30 o C for 24 h, and resultant single colonies were picked and transferred into mineral salts medium at 30 o C for 72 h [10] .
Sudan Black B Staining PHA-producing bacteria were stained with Sudan Black B as follows: sample was spread on the slides and stained with Sudan Black B solution for 10 min. Slides were washed with sterile water once, and then stained with Safranin O solution for 10 s. Slides were washed with sterile water twice, and then observed under the microscope with 1,000× magnification. Black granules within the cells indicated the presence of PHA, and cells without PHA showed pink coloration. The concentration of Sudan Black B solution was 0.3% (w/v) in the 60% ethanol, and the concentration of Safranin O solution was 0.5% (w/v) in the sterile water.
DNA Extraction
Activated sludge from the NeiHu wastewater treatment plant was collected. The hydraulic retention time was set around 8.54 h, and the sludge retention time was over 15 day. Samples were kept at -20 o C immediately before analysis. DNA was extracted from samples based on the phenol-chloroform extraction method [14] .
Amplification of phaC and 16S rRNA Gene by PCR Bacterial DNA was extracted from cell pellets as described above. The primers used in this study are shown in Table 1 . The combination of forward primer phaCF2 and reverse primer phaCR4 was used for the amplification of the phaC gene of PHA-producing bacteria [19] . Forward primer phaCF1BO and reverse primer phaCR2BO that were designed by this study also targeted phaC. For designing the primer set, we collected the sequences of phaC genes from GenBank. Then, the multiple sequence alignment was performed through the program of ClustalW (http://www.genome.jp/ tools/clustalw/). The highly conserved region was chosen for candidate primers, as we kept the length of primer as 20 base pairs, the range of GC content at 50% to 60%, and the range of Tm at 55 to 70 o C. Furthermore, we checked the secondary structure of the designed primers through the program of Oligo Analyzer offered by Integrated DNA Technologies. The opposite site of phaCF1BO corresponded to 998-1017 nucleotides of Ralstonia solanacearum phaC, while phaCR2BO corresponded to 1244-1225 nucleotides. Universal primers 11f and 1512r were used for the amplification of the 16S rRNA gene [1] . Forward primer 968fgc [11] and reverse primer 1392r [9] were used to amplify the 16S rRNA gene for the denaturing gradient gel electrophoresis (DGGE) experiment. Each PCR mixture was composed of 0.6 µl of DNA template, 2 µl of 10× PCR buffer (ABgene, Epsom, UK), 0.1 pM of forward and reverse primers, 0.2 mM of dNTP mixture, 1. 
Denaturing Gradient Gel Electrophoresis (DGGE) Analysis
Extracted DNA was amplified by PCR for DGGE analysis using the 16S rRNA primer set. DGGE was performed with a D-CODE Universal Mutation Detection System (Bio-Rad, Hercules, USA). The PCR samples were applied directly to 6% polyacrylamide gels (37.5:1 acrylamide:bisacrylamide) in a 0.5× TAE buffer (40 mM Tris, 40 mM acetic acid, 1 mM EDTA; pH 8.0) with a denaturing gradient that ranged from 40% to 60%, where 100% denaturation corresponded to 7 M with 40% formamide. Electrophoresis was run at a constant voltage of 200 V at 60 o C. After 5 h of electrophoresis, the silver staining procedure was performed on the gel. Sequencing and Phylogenetic Analysis The PCR products of phaC and 16S rRNA were sequenced by the Mission Biotech Co., Ltd, Taiwan. The nucleotides sequence data were imported to Blastn (NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi) for alignment. For phylogenetic analysis, the retrieved sequences and their closely related bacterial sequences were aligned using the software AlignX (NTI, version 2.0). The phylogenetic tree was constructed by the neighbor-joining method using the ClustalW and Treeview packages, and was bootstrapped for 10,000 cycles.
PHA Extraction and Analysis
PHA-producing bacteria were cultured in mineral salts medium with glucose as the carbon source at 30 o C for 72 h. The PHA was extracted from cell pellets as follows: cell pellets were transferred to a Pyrex tube, and then 2 ml of 10% acidic methanol (containing H 2 SO 4 and 50 mg of benzoic acid) and 2 ml of chloroform were added. The tube was incubated at 100 o C for 1 day with continuous shaking, and then cooled at room temperature. One ml of 14% ammonia was added, and the tube was shaken vigorously for 1 min. After centrifuged at 3,000 rpm for 10 min, the chloroform layer was transferred to a new Pyrex tube. Half (0.5) ml of sterile water was added into the tube, and then shaken for 30 s. The sample was centrifuged at 3,000 rpm for 10 min, and the chloroform layer was transferred to a new tube. Finally, the sample was stored at -20 o C until the PHA content was determined by gas chromatography (HP capillary column, FID detector), according to the manufacturer's manual.
RESULTS AND DISCUSSION
Isolation and Detection of PHA-Producing Bacteria To detect PHA-producing bacteria from the NeiHu municipal wastewater treatment plant, the phenotypes of individual colonies were analyzed by PHA staining and colony PCR. As shown in Supplementary Fig. S1 , colonies that contain PHA (PHA-positive colonies) appeared purple to black, whereas PHA-negative colonies were pink or colorless. Approximately 84.9% (73 out of 86 colonies) of the isolated colonies tested positive for PHA by this method. However, the staining agent Sudan Black B can react with other lipid fractions [18] , causing nonspecific results. Thus, colony PCR was necessary to confirm the genotype of screened PHA-accumulating bacteria with higher accuracy. A widely cited primer set (phaCF2/phaCR4) from the literature [19] was used to amplify phaC, and the phaCpositive colonies (61 out of 86 colonies, or 70.9%) yielded bands at the predicted molecular size (data not shown). The self-designed primer set (phaCF1BO/phaCR2BO) was also employed, and 74.4% of the same set of colonies was phaC-positive ( Supplementary Fig. S2 ). The primer set designed in this study possessed higher detection sensitivity than the other set. Interestingly, the combination of phaCF2/phaCR4 and phaCF1BO/phaCR2BO further increased the number of positive colonies to nearly 90%. These results clearly demonstrate that primers phaCF1BO and phaCR2BO are suitable to detect PHA-producing bacteria in municipal wastewater treatment plants with high detective sensitivity.
Biodiversity of PHA-Producing Bacteria
To understand the biodiversity of PHA-positive colonies, the 16S rRNA gene was amplified. In this experiment, the universal primer set 968fgc/1392r was used, and then PCR products were analyzed by DGGE (partial results in Fig. 1 ). The DGGE results narrowed down the identity of the colonies into seven genera (Table 2 ). To determine the species, the 16S rRNA was sequenced and analyzed using Blast (NCBI). It was revealed that the genera, from the first to the last group, were Zoogloea, Bosea, Rhizobium, Methylobacterium, Ralstonia, Micrococcus, and Mycobacterium, respectively. The percent composition of each genus is shown in Table 2 . Genera Zoogloea, Bosea, Rhizobium, Methylobacterium, and Ralstonia are Gram-negative bacteria, and Micrococcus and Mycobacterium are Gram-positive bacteria. Significantly more Gram-negative bacteria (85.3%) than Gram-positive (14.7%) were detected in this study. Further information about the species of bacteria is shown in Supplementary Table S1 . It has been reported that Gramnegative bacteria, Alcaligenes, Comamonas, Hydrogenophaga, Pseudomonasm, Ralstonia, and Sphaerotilus, were detected with phaCF2/phaCR4 [19] . Notably, phaCF1BO/phaCR2BO was able to distinguish more Gram-positive bacteria, providing a wider range of detection efficiency. Only the genus Ralstonia was detected by either primer sets; therefore, combinating the PCR results of phaCF1BO/ phaCR2BO and phaCF2/phaCR4 can raise the sensitivity of detection.
Results indicate that the PHA-producing genus that predominantly inhabits this plant was Ralstonia. Relationships between different genera were also determined. Zoogloea, Bosea, Rhizobium, Methylobacterium, and Ralstonia belong to the class proteobacteria. Within the class of proteobacteria, Ralstonia belongs to the subclass β-proteobacteria, and the others belong to α-proteobacteria. Meanwhile, Micrococcus and Mycobacterium are under the class Actinobacteria. Thus, it may be said that 44.1%, 41.2%, and 14.7% of α-proteobacteria, β-proteobacteria, and Actinobacteridae, respectively, comprise the totality of PHA-producing bacteria in the NeiHu municipal wastewater treatment plant. Relying on the 16S rRNA data, a phylogenetic tree was constructed and is shown in Fig. 2 .
PHA Production of PHA-Accumulating Bacteria
The concentration of PHA in a bacterium is dependent on both the bacterial species and carbon source. Table 3 shows the percentage compositions of intracellular PHA determined in this study, as well as those that have been reported in various literatures.
In this study, wherein glucose was utilized as the substrate, Zoogloea and Rhizobium contained the highest amount of intracellular PHA (39% of the dry biomass weight). In a previous study, Rhizobium accumulated up to 57% PHA with methanol as the carbon source [13] . Similarly, Methylobacterium accumulated less PHA in glucose (19%) than in methanol (47% PHA) [13] . These results suggest that the type of carbon source plays an important role in the synthesis of PHA in microorganisms.
It has been reported that Ralstonia accumulated 67% PHA with glucose as the substrate [24] , and 96% PHA with methanol as the substrate [13] . PHA accumulation of Mycobacterium + 2.9 Actinobacteria Fig. 2 . Phylogenetic tree from the 16S rRNA gene of the PHA-producing bacteria of the NeiHu municipal wastewater treatment plant.
The tree was rooted with the 16S rRNA sequences of Bacteroides fragilis. The scale bar 0.1 is the estimated substitutions per sequence position. This tree was constructed by the neighbor-joining method using the ClustalW and Treeview packages, and was bootstrapped 10,000 times. Bootstrap values have been included on the tree.
DETECTION OF PHA-ACCUMULATING BACTERIA FROM WASTEWATER USING HIGHLY SENSITIVE PCR PRIMERS 1145
Ralstonia in this study was lower than reported in other literatures, probably due to variations in the strains of Ralstonia and different culturing conditions. Nutrient deficiency in the medium and other physical growth factors may also influence the accumulation of PHA in bacteria. In this study, the concentration of PHA from the genus Micrococcus was 30% of dry biomass weight. This amount is higher than previously reported data (28%) using pentone or tryptone as the carbon source [13] , implying that glucose is possibly a better carbon source for Micrococcus in terms of PHA production. In addition to pure cultures, mixed culture is an alternative way to produce PHA, and the concentration of PHA could reach up to 43% of dry biomass weight [2, 4, 6, 15] .
Occurrence of Class I and Class II PHA Synthases
The PHA synthases are the key enzymes for PHA biosynthesis. Based on the sequenced phaC PCR products, the samples tagged as G3, G4, and G5 were identified as Rhizobium, Methylobacterium, and Ralstonia, respectively. The genus Aeromonas was not detected by 16S rRNAtarget primers, but detected by phaC-targeting primers and tagged as N1. To illustrate the diversity of the phaC gene, a phylogenetic tree was constructed (Fig. 3) . Class I, class II, The scale bar 0.1 estimated substitutions per sequence position. This tree was constructed by the neighbor-joining method using the clustalW and treeview packages, and was bootstrapped 10,000 times. Bootstrap values have been included on the tree.
and class III of PHA synthases occur in various genera. PHA synthase of Methylobacterium, Rhizobium, and Ralstonia belong to class I, whereas that of Aeromonas belongs to class II. The distribution of different classes of PHA synthases in various bacteria that are not very closely related is quite interesting. In this study, class I PHA synthases were detected at least in alphaproteobacteria (Rhizobium and Methylobacterium) and betaproteobacteria (Ralstonia), whereas class II PHA synthases were detected at least in gammaproteobacteria (Aeromonas) (Supplementary Table S2 ). These results show that classes of PHA synthases do not just occur in one particular group, probably due to the wide diversity of phaC.
In conclusion, PHA-producing bacteria were isolated from the NeiHu municipal wastewater treatment plant in Taipei, Taiwan via Sudan Black B staining, followed by 16s rRNA gene amplification and DGGE. It was found that Ralstonia was the dominant genus, whereas Zoogloea and Rhizobium contained the highest amounts of intracellular PHA. Glucose may be a better carbon source than pentone or tryptone for producing PHA in Micrococcus, and is suitable for Ralstonia to accumulate a high content of PHA. The primer set designed by this study, phaCF1BO/ phaCR2BO, showed higher sensitivity for the phaC synthase gene over phACF2/phaCR4, and could detect both Gram-positive and Gram-negative bacteria. A combination of the two primer sets further increased the sensitivity up to nearly 90%. Class I and II PHA synthases were detected from alphaproteobacteria, betaproteobacteria, and gammaproteobacteria, indicating the wide diversity of PHA-accumulating bacteria.
